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Abstract

Ge[111] was implanted with Fe ions with an energy of 60 keV at various ion
fluences. The structural properties were characterized by Raman scattering and
grazing incidence x-ray diffraction (GIXRD) measurements. Raman scattering
reveals the amorphization of Ge at a fluence of 5 x 10" ions cm™2. With
further irradiation, a TO-like phonon mode evolves and the full-width at half-
maximum (FWHM) of this mode increases with fluence. The amount of bond
disorder was estimated from the FWHM of the TO-like phonon mode. The
a-Ge is recrystallized by ion beam annealing of the sample at 250 °C with
1 MeV Ge™ ions. The GIXRD measurements also support the amorphization
and crystallization of Ge. The presence of Fe nanoclusters was observed
in implanted samples by using low-frequency Raman scattering (LFRS). The
formation of Fe nanoclusters is attributed to the irradiation process itself and
thermal or radiation enhanced diffusivity is absent.

1. Introduction

Energetic ferromagnetic ions can be directly implanted into a non-magnetic matrix at a
certain depth. Since the ferromagnetic ions are immiscible, these ions will precipitate as
atomic clusters having nanometric dimensions. Ion beam synthesis of metal/semiconductor
nanoclusters in various matrices like metals, semiconductors and insulators has attracted
attention due to novel properties of the nanoclusters and their application in optical, magnetic
and electronic industries. Using an ion beam one can synthesize the nanoclusters as well tailor
their size and size distribution. Since ion implantation is a non-equilibrium process, it gives rise
to new metastable phases with different properties. At low concentrations of Fe (<25 at.%), the
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heat of mixing of the Fe—Ge system is positive, i.e. there is immiscibility [1]. When metallic
particles are embedded in a semiconductor, the presence of the Schottky well changes the
carrier concentration. If the band gap is lower, then the Schottky well is correspondingly lower,
and as a result the depletion region around each metallic cluster is substantially reduced and the
carrier concentration is enhanced. It should be noted that Ge has a small band gap with a high
carrier mobility. Therefore, it is very easy to produce a large giant magnetoresistance (GMR)
effect.

Ma et al [2, 3] grew ultra-thin Fe films on Ge[100] surfaces and found that no significant
intermixing occurred for temperatures below 160 °C and that the FeGe alloy was formed only
between 160 and 400 °C. Phase separation was observed in sequentially sputtered amorphous
FeGe films [4]. Regan et al [4] observed that the Ge atoms are distributed homogeneously
while the Fe atoms are distributed inhomogeneously in the sputtered FeGe films. The phase
separation phenomenon observed in the amorphous FeGe system is considered to be essential
for the preparation of granular materials where magnetic materials are immiscible in a non-
magnetic metal matrix.

Granular materials can also be prepared by direct ion implantation. Venugopal et al
have reported the magnetic properties of Fe ion-implanted Ge crystal [S]. These authors
have observed negative magnetoresistance (8% of magnetoresistance at room temperature
with a field of 0.8 T) for the Fe-implanted Ge samples and attributed it to the existence of
magnetic clusters in the implanted layer. The same authors have also reported that low dose
(2x10'¢ ions cm~2) implantation causes the formation of Fe;Ge precipitates whereas high dose
(2% 10" ions cm~2) implantation causes the formation of Fe precipitates [6]. However, in these
experiments there was no independent control over the target temperature during implantation;
for a dose of 2 x 107 ions cm~2 the target temperature increases to 210 °C due to beam heating.
The exact mechanism of the formation of Fe precipitates in Ge upon Fe ion implantation has
not been understood. This motivated us to study the optical and structural properties of Fe-
implanted Ge.

In the present paper, we report the optical and structural properties of Fe-implanted Ge in
order to understand the mechanism of formation of Fe precipitates in a Ge matrix.

2. Experimental details

The c-Ge[111] wafer was implanted with 60 keV °Fe and >’ Fe ions of different fluences using
a 200 kV isotope separator/ion implanter available at the Saha Institute of Nuclear Physics,
Kolkata. The range of Fe ions is 345 A with a straggling of 197 A as found from SRIM
2003. The presence of the isotopes “°Fe and 3'Fe as well as their concentration ratio was
checked with secondary ion mass spectroscopy (SIMS) experiments. The range (330 A) of
Fe concentration matches with the range of 345 A for 60 keV Fe ions in Ge. The GIXRD
studies were performed using a STOE GmbH (Germany) x-ray diffractometer in parallel beam
geometry. In order to get the diffraction from the implanted region, a glancing angle of 0.5°
was chosen for the Cu-K, radiation. The glancing angle of 0.5° is greater than the critical
angle corresponding to total external reflection for Ge (0.3°). The x-ray probing depth was
5700 A which is greater than the range (330 A) of Fet ions. For investigation of the local
environment of implanted Fe atoms, the conversion electron Mdssbauer spectroscopy (CEMS)
measurements were performed with a 57Co (Rh) radioactive source of strength ~25 mCi. The
conversion electrons were detected by a He/CH, (5% methane) gas flow proportional counter.
The velocity calibration was done with a natural iron absorber. The spectral profiles were
analysed by means of the NORMOS code developed by Brand [7]. The isomer shifts are
given relative to natural iron at room temperature. The magnitude of the magnetic hyperfine
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Figure 1. The conversion electron Méssbauer spectrum of the 60 keV Fe' ion-implanted Ge[111]
to a fluence of 2 x 10'7 ions cm™2.

fields at Fe sites is assumed to be approximately proportional to the Fe magnetic moments.
For further structural information, the Raman scattering measurements on the unimplanted
and the Fe™ ion-implanted samples were carried out in backscattering geometry. The samples
were excited with a 488 nm argon ion laser beam of 200 mW power focused to a spot size of
25 pum on the sample. The backscattered light from the sample was collected using a camera
lens and focusing lens, dispersed by a double grating monochromator (SPEX model 14018)
and detected using a thermoelectrically cooled photomultiplier tube (ITT-FW 130) operated in
photon counting mode. A microprocessor based data acquisition/automation system was used
to record spectra at room temperature. The atomic force microscopy (AFM) measurements
were carried out using a Solver PRO scanning probe microscope (NT-MDT, Russia). The
tapping mode was used to study the surface modification on the Fe™ ion-implanted Ge.

3. Results and discussion

Figure 1 shows the conversion electron Mdssbauer spectrum of the sample implanted with
60 keV Fe™ ions with a fluence of 2 x 10'7 jons cm™2. The spectrum shows a broad singlet
with an isomer shift of 0.20 mm s~!. Earlier Mossbauer studies on ion beam mixed Fe-Ge
bilayers show a sextet with a hyperfine field of 11.5 T attributed to the crystalline hexagonal
FeGe phase [8]. Further, post-annealing of the ion beam mixed sample at 625 °C showed the
nucleation and growth of magnetic phases with hyperfine fields such as Fe;Ge (21.8 T, 24.0 T)
and FesGes (13.6, 21.4, 25.6 T) [8]. The absence of such a sextet in the present experiment
shows that the FeGe phases Fe;Ge and Fes;Ge; are not formed. The amorphous FeGe alloy
used to show a doublet [9] and the absence of such a doublet in the present experiment rules
out the formation of the a-FeGe phase. The in-beam Mdossbauer results [10] show a singlet
with a negative isomer shift attributed to the substitutional site and another singlet with positive
isomer shift (0.78 mm s_l) attributed to the interstitial site in Ge. However, the isomer shift of
the singlet in the present experiment is very small (0.20 mm s~') compared to 0.78 mm s~ and
hence one can rule out the occupation of Fe atoms in the interstitial sites of Ge. In an earlier
Mossbauer work on an immiscible system like Fe/Ag [11], it was reported that a singlet with a
small positive isomer shift can arise due to Fe atoms in small clusters. In this system isolated
Fe atoms give rise to a singlet with an isomer shift of 0.51 mm s~! and bcc like Fe clusters give
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rise to a singlet with an isomer shift of 0.04 mm s~!. There is no such work reported for Fe in
Ge. However, it is expected to follow a similar trend as in Fe/Ag, because, at low concentration
of Fe, the Fe—Ge system is also immiscible. Hence the observation of a singlet with a small
positive isomer shift is attributed to clusters of Fe.

Low frequency Raman scattering (LFRS) measurements were carried out in the 60 keV
Fe™ ion-implanted Ge samples to estimate the average size of the Fe clusters. Confined acoustic
phonons in metal or semiconductor nanocluster surfaces give rise to low frequency (in the range
of a few cm™! to a few tens of cm~!) modes in the vibrational spectrum. The LFRS from a
nanocrystal is due to the elastic vibration of the nanocrystal itself. Confined surface acoustic
phonons give rise to low frequency modes, which correspond to spheroidal and torsional modes
of vibration of a spherical or an ellipsoidal particle. Spherical motions are associated with
dilation and they strongly depend on the cluster material through v; and v;, where v; and v, are
the longitudinal and transverse sound velocities, respectively. These modes are characterized
by two indices [ and n, where [ is the angular momentum quantum number and 7 is the branch
number. Here n = 0O represents the surface modes. It has been shown that the spheroidal
modes with [ = 0, 2 are Raman active [12, 13]. A surface quadrupolar mode (I = 2) appears
both in the polarized and depolarized geometry whereas a surface symmetrical mode (I = 0)
appears only in the polarized geometry. These modes appear at low frequencies in the range of
5-70 cm~! and are generally known as low frequency Raman modes.

Raman peak frequencies of the spheroidal modes [12] with n = 0 can be expressed as

0 0.821)1

T e &
0.84v

ol == @

where ! and w? are those of the spheroidal modes with / = 0 and 2, respectively, and v,
and v, are the longitudinal and transverse sound velocities. The sound velocities in Fe are
v = 6058 ms~! and v, = 3406 ms~'. In equations (1) and (2), d is the particle diameter
and c is the velocity of light in a vacuum. As the frequency is inversely proportional to the size
of the particles, very small sized particles would result in a LFRS peak at a relatively higher
wavenumber. They would be too weak in intensity to be detected. Large sized particles would
give rise to LFRS peaks at very low wavenumbers, which would merge with the Rayleigh peak.
Hence it is possible to detect LFRS peaks lying in the range of 540 cm™!, which corresponds
to clusters of a few nanometres in size.

Figure 2 shows the LFRS of the 60 keV Fe-implanted Ge samples with various ion
fluences. The assignment of angular momentum to the observed modes was done by measuring
the LFRS in VV and VH geometry (here the letter V stands for vertical polarization and H for
horizontal polarization). In the configurations VV and VH, the first letter represents the mode
of polarization of the incident wave while the second letter represents that of the scattered wave.
LFRS measurement was carried out in VV and VH geometry in the sample implanted up to a
fluence of 5 x 10" ions cm~2 and the plot is given in figure 3. In VH geometry, the reduction
in intensity is due to a change in polarization between incident and scattered light. The mode at
39.5 cm™! appeared in both VV and VH geometry and hence it was assigned to [ = 2 whereas
the other mode at 34.0 cm~! appeared only in VH geometry and was assigned to / = 0. The
LFRS peaks shown in figure 3 were fitted with a Lorentzian function to find the peak position
of the LFRS modes. The sizes of the Fe clusters were estimated using equations (1) and (2)
and tabulated in table 1. Figure 4 shows the LFRS of the Fe™ ion-implanted Ge[111] up to
a fluence of 2 x 10'7 ions cm~2 and further irradiated with 1 MeV Ge™* ions to a fluence of
2 x 10" ions cm~? at 250 °C. The estimated sizes of Fe clusters are given in table 1.
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Figure 2. Low frequency Raman scattering of the 60 keV Fe™ ion-implanted Ge[111] with various
fluences. The spectra were fitted with exponential background (dotted line) and Lorentzian peaks

(solid line).

Table 1. Parameters as deduced from the fit of the LFRS spectra to the Lorentzian distribution

function.

=0 1=2

Fluence Raman peak FWHM  Fe cluster Raman peak FWHM  Fe cluster
(ions cm™2) frequency (cm™!) (em™1h) diameter (nm) frequency (cm™!) (em™h) diameter (nm)
5% 10 34.0(5) 5.8(7) 4.86(3) 39.5(1) 4.4(6) 2.41(3)
2 x 10'0 23.39) 7.1(3) 7.07(8) 32.6(1) 23.7(7) 2.92(4)
2 % 10" 25.6(9) 9.9(5) 6.44(6) 35.5(5) 12.5(6) 2.68(2)
Self-ion 33.4(1) 6.0(9) 4.95(6) 38.6(3) 7.0(0) 2.46(8)
irradiated

Figure 5 shows the GIXRD pattern of the unimplanted, the Fet-implanted Ge and self-ion
irradiated samples. The GIXRD pattern of the unimplanted Ge shows the (111) peak. The Fe-
implanted Ge samples show broad XRD peaks, which indicate the amorphous nature of Ge. As
a function of irradiation fluence, the Ge peaks are broadened, mainly due to defects produced
during ion irradiation. The inset of figure 5 shows the GIXRD pattern of the unimplanted and
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Figure 3. The low frequency Raman scattering of Ge[111] implanted with Fe ions up to a fluence

of 5 x 10" jons cm™2.
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Figure 4. The low frequency Raman scattering of the Fe™ ion-implanted Ge [111] up to a fluence of
2 x 10'7 ions cm~2 and further irradiated with 1 MeV Ge ions to a fluence of 2 x 10'7 ions cm ™2
at 250 °C. The spectrum was fitted with exponential background (dotted line) and Lorentzian peaks
(solid line).

Fe*-implanted Ge to fluences of 2 x 10'7 ions cm~2 and the self-ion irradiated sample in the
26 range of 40°-60°. One can see the signature of Fe around 44.7° which corresponds to the
(110) plane of Fe. Since the Fe has a very low concentration (<10 at.%), the Fe signal is very
weak. This result also supports the LFRS and CEMS measurements which show the presence
of Fe nanoclusters in the sample implanted to a fluence of 2 x 10'7 ions cm~2. This self-ion
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Figure 5. The GIXRD of the 60 keV Fe™ ion-implanted Ge[111] to various fluences. The inset
shows the GIXRD of the unimplanted and the 60 keV Fe* ion-implanted Ge[111] to fluences of
2 % 10'% jons cm~2 and 2 x 10'7 ions cm~2 and also the self-ion irradiated sample in the 26 range
40°-60°.

(This figure is in colour only in the electronic version)

irradiated sample shows the polycrystalline nature in which many Ge peaks can be clearly seen
(inset of figure 5). The Fe (110) peak is also seen in the inset of figure 5.

Figure 6 shows the Raman spectra recorded for the unimplanted and the Fe* ion-implanted
Ge[111]. The Raman spectrum of the unimplanted Ge sample shows the optical phonon mode.
The peak position of the optical phonon mode is 299.2(4-0.18) cm ™! which is characteristic of
c-Ge [14]. However, for the sample implanted with Fe ions of fluence of 5 x 10" ions cm™2,
the optical phonon peak disappears as the sample becomes amorphous. With further higher
fluences, the transverse optical like (TO-like) phonon mode evolves and the FWHM of this
TO-like phonon mode increases with the fluence [15]. The frequency and FWHM of the TO-
like phonon is characteristic of amorphous Ge. In amorphous Ge, the TO-like phonon band
originates from the phonon density of states (DOS) at the high symmetry points at the edge of
the Brillouin zone of its crystalline counterpart. Since the disorder-induced changes in bond
angle distribution will modify the phonon DOS, in the first approximation the width of the
TO-like phonon should be proportional to the width of the bond angle distribution [15]. The
TO-like phonon mode was earlier observed by Cerdeira et al [16], and they also reported the
stress dependence of optical phonons in c-Si and c-Ge for the orientations [100] and [111],

respectively. They were able to determine the parameters [%], [%] and [f] which
0 0 0

describe the strain dependence of the spring constant of these phonons. These authors also
related these quantities to the microscopic changes in bond lengths and bond angles of Ge and
Si. It is possible to make the connection between bond angle variations (A¢) and the related
changes in phonon frequencies. For a distribution of A¢, there will be a related distribution of
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Figure 6. The Raman spectra for the unimplanted Ge[111] and the 60 keV Fe™ ion-implanted
Ge[111] with various fluences.

frequency shift Aw, resulting in a linewidth increase of I'y = 2Aw. The relation between the
average bond angle variation A¢ and the strain ¢ is then given by

Ap =13 A¢;=2V2e for [111]. 3)

Therefore, the relative shift in phonon frequency Aw/wy caused by A¢ may be written as

2 272
fo _ Lle(2=4) 1a( L) | 56 @)
wy /14 2a)(2) a)é
where g (=250 cm™!) is the unperturbed frequency for a-Ge. Since there is a finite intrinsic

linewidth I'yy for the crystalline phonon DOS, the total linewidth should be given by
M =T24T2 =TI +4(Aw)? 5)

in which Iy is the linewidth due to bond angle deviation. For a-Ge, the intrinsic line width (I'p)
is 18 cm ™.

In the Fe™ ion-implanted samples, the TO-like phonon mode is observed at 234.54(+0.69)
and 237.51(40.55) cm~! for fluences of 2 x 10'® jonscm™ and 2 x 107 ionscm™2,
respectively. The FWHM of the TO-like phonon is 43.7 and 68.0 cm™! for fluences of
2 x 10" ions cm™2 and 2 x 10'7 ions cm™2, respectively and the corresponding bond angle
distortion is estimated to be 7.6° and 12.3° by using equation (5). This is consistent with
earlier work in which the bond disorder was observed to increase linearly with the irradiation
fluence [17].

The Raman spectrum of the self-ion irradiated sample shows both optical phonon and TO-
like phonon modes (figure 7). The presence of an optical phonon mode at 298.47(+0.15) cm™!
shows the partial crystallization of a-Ge. A TO-like phonon is observed at 255.89(%1.20) cm ™!
with a FWHM 54.6 cm~!. Using equation (5) the corresponding bond angle distortion is
calculated to be 9.8° and hence the TO-like phonon relaxes by 2.5°. This is consistent with
earlier work [17].

Figure 8(a) shows the AFM topograph in 2D view of the unimplanted Ge[111]. It clearly
shows that the surface is smooth and featureless. Figure 8(b) shows the AFM topograph in
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Figure 7. The Raman spectra for the 60 keV Fe' ion-implanted Ge[111] with a fluence of
2 x 10'7 ions cm™2 followed by self-ion irradiation with 1 MeV ions of fluence 3 x 10'® ions cm ™2
at 250°C.

2D view of the Fe™ ion-implanted Ge[111] to a fluence of 2 x 107 jons cm~2. It shows the
presence of a porous layer with a pore diameter of 400 nm and depth around 100 nm. Also,
one can see grains with a diameter of ~200 nm below the porous layer. It has been reported
that ion implantation into Ge at room temperature creates severe surface cratering extending
several thousand angstroms into the surface, leading to a porous surface structure [18]. During
ion irradiation, stochastic removal of atoms or sputtering tends to roughen the surface while the
transport driven by surface energy minimization tends to smooth the surface. The observation
of a porous layer in the FeT-implanted Ge is due to the competition between roughening
and smoothing mechanisms; here in particular the sputtering is dominant over the surface
smoothing process. However, in the self-ion irradiated sample, the absence of a porous layer
is due to the thermal process being dominant over sputtering. The observation of a porous
layer is consistent with earlier reports [19]. Figure 8(c) shows the AFM topograph in 2D view
of the Ge[111] sample first implanted with Fe™ ions of fluence 2 x 10'7 ions cm~? and then
followed by self-ion irradiation with 1 MeV ions of fluence 3 x 10'¢ ions cm~2 at 250°C. It
clearly shows the absence of a porous layer and a grain size of 400 nm. The observation of
amorphization along with the formation of a porous layer upon self-ion irradiation on Ge with
a fluence of 3 x 10'° ions cm~2 at room temperature is reported by Stritzker et al [19]. These
authors have concluded that the irradiation at higher temperatures (>200 °C) produced neither
an amorphous layer nor a porous layer. The present observation of a porous layer is consistent
with earlier reports [19].

Before discussing the mechanism of Fe cluster formation, the observations related to Fe
nanoclusters will be described briefly. The 60 keV Fe* ion implantation in Ge[111] at room
temperature produced Fe nanoparticles (3—6 nm) embedded in an amorphous Ge matrix. The
a-Ge is recrystallized by ion beam annealing the sample at 250 °C with 1 MeV Ge™ ions. The
recrystallized sample contained Fe nanoparticles having a size of 2-4 nm. By CEMS, LFRS and
GIXRD measurements, the presence of Fe clusters was observed and their sizes were estimated.

Venugopal et al [5, 6] implanted multiple energy Fe ions into Ge using a metal vapour
vaccum arc (MEVVA) ion source, which simultaneously produced Fet (25%), Fe** (68%)

9
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©

Figure 8. The AFM image of (a) the unimplanted Ge[111], (b) 60 keV Fe™ ion-implanted Ge[111]
with a fluence of 2 x 107 ions cm~2 and (c) followed by self-ion irradiation with 1 MeV ions of
fluence 3 x 10'® jons cm~2 at 250 °C.

and Fe3* (7%) with a high current density (54 ©A cm ™). They observed a nanosized Fe;Ge
phase at a dose of 2 x 10'® ions cm™2 and Fe clusters at a dose of 2 x 107 ions cm™2.
Since the sample was not cooled, the Ge temperature during implantation was 210°C and
the substrate was crystallized due to self-annealing during implantation. Because of this, the
authors attributed the formation of Fe clusters to two factors: (i) increase in Fe concentration
at high dose which favours clustering of Fe atoms due to low solubility of Fe atoms in Ge
and (ii) increase in substrate temperature which enhances reordering of displaced Ge atoms
and give rise to clustering of Fe atoms. However, in the present experiments, Fe clusters are
produced in the implanted sample itself in which the Ge substrate temperature was always less
than 50 °C during implantation, and hence the role of Ge substrate temperature is ruled out
in the clustering of Fe atoms. Since the heat of mixing of the Fe—Ge system is positive [1]
(when the Fe concentration is <25 at.%), solubility of Fe in Ge is low and hence the chemical
driving force assisted the formation of Fe clusters. According to the empirical formula proposed
by Rossi e al [20], a linear dependence exists between the critical temperature (7;) for the
onset of radiation enhanced diffusion and the average cohesive energy (A Hq,). Using this
empirical relation 7. = 95.2AH.,, (eV/atom), we obtain a value of 7. = 187°C for the
Fe—Ge system. Since the temperature of irradiation is 50 °C, radiation enhanced diffusion is
completely suppressed. Hence Fe clusters are expected to form directly in the collision cascade
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where, within the small molten volume along the path of the ions, demixing takes place due to
the low solubility of Fe in Ge.

4. Summary

The implantation of 60 keV Fe™ ions in Ge[l11] at room temperature produced Fe
nanoparticles (3—6 nm) embedded in amorphous Ge matrix as evident from CEMS, LFRS and
GIXRD measurements. The a-Ge is recrystallized by beam annealing of the sample at 250 °C
with 1 MeV Ge™ ions. The recrystallized sample contains Fe nanoparticles having a size of
2-4 nm. In the present experiments, Fe clusters are formed in the implanted sample itself
in which the Ge substrate temperature was less than 50 °C during implantation. We rule out
any role of Ge substrate temperature during implantation in the clustering of Fe atoms. Since
radiation enhanced diffusion is completely suppressed at the temperature of irradiation, the Fe
nanoclusters form directly during the irradiation process itself as thermal or radiation enhanced
diffusivity is absent.
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